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Abstract
Injection of supercritical CO2 (scCO2) for the geologic storage of carbon dioxide will displace formation 
water, and the pore space adjacent to overlying caprocks could eventually be dominated by dry to water-
saturated scCO2. Wet scCO2 is highly reactive and capable of carbonating and hydrating certain minerals,
whereas anhydrous scCO2 can dehydrate water-containing minerals. Because these geochemical
processes affect solid volume and thus porosity and permeability, they have the potential to affect the
long-term integrity of the caprock seal. In this study, we investigate the swelling and shrinkage of an 
expandable clay found in caprock formations, montmorillonite (Ca-STx-1), when exposed to variable
water-content scCO2 at 50 °C and 90 bar using a combination of in situ probes, including X-ray 
diffraction (XRD), in situ magic angle spinning nuclear magnetic resonance spectroscopy (MAS NMR),
and in situ attenuated total reflection infrared spectroscopy (ATR-IR). We show that the extent of 
montmorillonite clay swelling/shrinkage is dependent not only on water hydration/dehydration, but also
on CO2 intercalation reactions. Our results also suggest a competition between water and CO2 for 
interlayer residency where increasing concentrations of intercalated water lead to decreasing
concentrations of intercalated CO2. Overall, this paper demonstrates the types of measurements required 
to develop fundamental knowledge that will enhance modeling efforts and reduce risks associated with 
subsurface storage of CO2. 
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1. Introduction
In geologic carbon sequestration, caprocks are the ultimate barrier preventing carbon dioxide from 
escaping to the surface.  At targeted injection depths, carbon dioxide exists as a supercritical fluid
(scCO2) [1]. Owing to its buoyancy, scCO2 will rise and eventually become the dominant phase in 
contact with caprock minerals. Water-bearing scCO2 is highly reactive [2-10], and caprock integrity 
could be impacted by reactions of minerals with scCO2 containing dissolved water. Caprock formations
have unique geochemical and geomechanical properties that are partly due to high concentrations of clay 
minerals, including montmorillonite, illite, chlorite, kaolinite, and glauconite. Montmorillonites are of 
particular interest because they swell or shrink by the uptake or release of species in their interlayer.
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Whereas clay expansion will increase solid volume and could lead to closure of fractures and enhance the 
caprock seal, clay shrinkage could open fractures and compromise the seal.  Hence, it is important to 
understand reactions that lead to swelling or shrinkage of clays at reservoir temperatures and pressures in 
order to be able to predict both the short- and long-term stability of the caprock. 
The swelling of montmorillonites by intercalation of water is well understood at ambient temperatures 
and pressures [11-14], but the behavior of these expandable clays under the low-water conditions of 
scCO2-dominated fluids is much less predictable. When montmorillonite is exposed to wet-scCO2, we 
have shown that CO2 migrates into the clay interlayer and can contribute to expansion [9, 15-18]. Thus, 
we hypothesize that the extent of clay swelling or shrinkage at geologic reservoir conditions depends not 
only on the water concentration in the clay, but also the CO2 concentration.  In this study, we use a 
combination of in situ X-ray diffraction (XRD), in situ magic angle spinning nuclear magnetic resonance 
spectroscopy (MAS-NMR), and in situ attenuated total reflection infrared spectroscopy (ATR-IR) to 
study the water and CO2 intercalation reactions of a Ca-saturated montmorillonite (Ca-STx-1) at 50 °C 
and 90 bar scCO2.  The goal of this work is to show direct spectroscopic evidence that the interlayer 
spacing is a function of both water and CO2 intercalation and depends dynamically on the degree of water 
saturation in the scCO2. 
2. Experimental Section 
The montmorillonite (STx-1) used in this study is a natural sample obtained from the clay mineral 
society (Columbia, MO) [19, 20].  The STx-1 was processed according to the procedures in Schaef, Ilton 
et al. (2012) [16] to obtain the <2 micron fraction and remove any naturally occurring metal carbonate 
solids.  Calcium saturated STX-1 (Ca-STX-1) was prepared by suspending the clay in 5 M CaCl2 solution 
for two weeks.  Afterwards, the excess salt was removed by dialysis in DI water.  The resulting Ca-STx-1 
suspension was 50 g/L and was used to prepare samples for IR spectroscopic and XRD experiments.  The 
Ca-STx-1 sample for NMR spectroscopic experiments was prepared by freeze drying the concentrated 
suspension. 
The in situ XRD technique has been previously described in detail [16, 21].  Briefly, an aliquot of Ca-
STx-1 suspension was pipetted onto a sample post and allowed to air dry prior to positioning in the 
reaction chamber.  Following alignment, the reactor was heated to 50 °C while under vacuum for 24 
hours before pressurization with CO2 (90 bar).  Diffraction patterns, processed with JADE® XRD 
software, were collected throughout the experiment to monitor shifts and overall peak shapes in the d001 
basal reflections.   
The in situ MAS-NMR method was described in [22].  An unsealed rotor that was either empty (for 
the spectrum of bulk scCO2) or that contained a dry Ca-STx-1 sample was placed into a reaction vessel 
and heated at 50 °C for 18 hours under vacuum before pressurization with CO2 at 90 bar. The rotor was 
then sealed and transferred at 50 °C and 90 bar to an Agilent-Varian VNMRS spectrometer equipped with 
an 89 mm bore 7.05 T magnet.  13C NMR spectra were collected at a Larmor frequency of 75.43 MHz 
using a 7.5 mm MAS probe. Spectra of bulk scCO2 and Ca-STx-1 were collected at 2.3 and 2.7 kHz 
spinning rates and were an average of 120 and 4580 scans, respectively. All experiments used a pulse 
width of 1.5s, a relaxation delay of 2 s, and a Lorentz line broadening of 8 Hz. 
The in situ ATR-IR technique is similar to that reported in Loring, Schaef et al (2012) [23]. Spectra 
were measured using a Bruker Vertex 80v spectrometer and a custom built high-pressure ATR cell. The 
cell used a 45° single-reflection internal reflection element (IRE) made of ZnSe. Background spectra 
were of the evacuated ATR cell thermostated at 50 °C.  The spectrum of bulk scCO2 was collected after 
pressurizing the cell with CO2 to 90 bar.  For the spectra of scCO2 exposed to Ca-STx-1, first 0.2 mL of 
an aqueous suspension of clay was pipetted onto the IRE and allowed to dry under vacuum at 50 °C for at 
least 12 hours.  Then, a volume of water was injected into the cell to obtain the targeted scCO2 water 
saturation concentration.  The cell was pressurized with CO2 to 90 bar, and a sample absorbance spectrum 
was acquired of the clay in contact with the wet scCO2. 
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3. Results and Discussion
We have shown previously with in situ XRD that 
montmorillonites expand when exposed to scCO2
containing water [16].  This is demonstrated again in 
Figure 1 for Ca-STx-1 exposed to water-saturated scCO2
at 50 °C and 90 bar. The position of the d001 basal
reflection, initially corresponding to an interlayer spacing 
of 14.97 Å, increases to a distance of ~18.0 Å over a
period of 15 hours.  This expansion equates to a volume
change of ~20%.  Subsequent exposure to anhydrous
scCO2 decreases the basal spacing down to ~15.0 Å. 
However, from these XRD data alone, it is not possible
to say whether the expansion is due solely to water
uptake, or both water and CO2.
Evidence that both water and CO2 are present
simultaneously in the interlayer and contribute to
expansion is given by a combination of in situ XRD, 
MAS-NMR, and ATR-IR results (50 °C and 90 bar).
Using in situ XRD, we have shown previously that 
interlayer expansion occurs on exposure of Ca-saturated
montmorillonite (Ca-STx-1) with 1 water of hydration 
( 1W) to anhydrous scCO2 [16, 23], which suggests
intercalation of CO2. Supporting MAS-NMR
spectroscopic evidence for CO2 intercalation is shown in
Figure 2. We compare in situ 13C MAS NMR spectra
(Figure 2) for unreacted bulk scCO2 (blue) and 
anhydrous scCO2 in the presence of Ca-STx-1 (black). 
The spectrum for scCO2 in contact with the clay is
broader, and a curve fit reveals two components:  one
relatively broad peak (green) and another narrow band
(red). The narrow peak is bulk scCO2, while the broader 
signal is due to rotationally confined CO2, which would
be expected for the molecules trapped in the interlayer
[23]. Likewise, rotationally constrained CO2 was
observed for Ca-STx-1 exposed to anhydrous scCO2 by
in situ ATR-FTIR spectroscopy. In Figure 3, the
asymmetric CO stretching band of unreacted bulk scCO2
(blue) is compared to that band of anhydrous scCO2
(black, 0% water saturation) exposed to the clay. The
signal for scCO2 in the presence of the clay is sharper 
and more intense than for bulk scCO2, which indicates 
that the intercalated CO2 is rotationally constrained. The
IR data also show that the clay remains hydrated, as
evidenced by the presence of OH stretching and HOH bending modes of the intercalated waters.  In 
summary, results from the combination of three in situ probes reveal that both water and CO2 can coexist
in the interlayer, and this suggests that the interlayer spacing is a function of both their concentrations.
Figure 3 shows in situ ATR-FTIR spectra of Ca-STx-1 exposed to scCO2 as a function of the percent 
water saturation concentration in the supercritical fluid from 0% to 40%. As the water concentration
increases in the scCO2, the clay becomes increasingly hydrated, as evidenced by increases in the 
absorbances of the OH stretching and HOH bending modes of the intercalated waters. Interestingly, 
substantial changes also occur in the asymmetric CO stretching band of CO2.  With increasing water 
Figure 1. Stacked in situ XRD tracings as a function of 
time showing the hydration of Ca-STx-1 (initially with an
interlayer spacing of ~15.0 Å ) after exposure to water-
saturated scCO2.
Figure 2. In situ 13C MAS NMR spectra of scCO2 (blue)
and of scCO2 in the presence of Ca-STX-1 (black).
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saturation concentrations, the asymmetric CO stretching band decreases in intensity. These data suggest a
competition for interlayer residency: increasing concentrations of intercalated water lead to decreasing
concentrations of intercalated CO2.  Combined with previous in situ XRD measurements that show
expansion of Ca-STx-1 with increasing concentrations of dissolved water in the scCO2, these ATR-FTIR
data demonstrate that the interlayer spacing is a complex function of partitioning of water and CO2
between the clay and the supercritical fluid. 
4. Summary
The experimental research presented in this paper provides fundamental knowledge that will enhance
modeling efforts and reduce risks of geologic carbon storage. Through the use of specialized in situ
experimental techniques, we demonstrate for the first time at reservoir conditions clay intercalation
processes that could lead to porosity and permeability changes that directly impact caprock performance. 
We have shown that the extent of montmorillonite clay swelling/shrinkage is dependent not only on water 
hydration/dehydration, but also on CO2 intercalation reactions.  These processes are controlled by the
amount of water dissolved in the scCO2 at a given temperature and pressure. The intercalation of water
and CO2 causes montmorillonites to expand, thereby increasing solid volume and possibly leading to self-
sealing of caprock fractures. On the other hand, dehydration will cause montmorillonite clay minerals in 
caprocks to contract, thereby decreasing solid volume and possibly increasing caprock permeability and
porosity. Future studies will report quantitative data for the water and CO2 concentrations in
montmorillonites as a function of the total concentration of water in the scCO2, and these results will be
correlated with interlayer spacing. 
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